. The reasons for the slowdown are incompletely understood, with past work identifying changes in fossil fuel, wetland and agricultural sources and hydroxyl (OH) sinks as important causal factors 1, [4] [5] [6] [7] [8] . Here we show that the late-twentiethcentury changes in the CH 4 growth rates are best explained by reduced microbial sources in the Northern Hemisphere. Our results, based on synchronous time series of atmospheric CH 4 mixing and 13 C/ 12 C ratios and a two-box atmospheric model, indicate that the evolution of the mixing ratio requires no significant change in Southern Hemisphere sources between 1984 and 2005. Observed changes in the interhemispheric difference of 13 C effectively exclude reduced fossil fuel emissions as the primary cause of the slowdown. The 13 C observations are consistent with long-term reductions in agricultural emissions or another microbial source within the Northern Hemisphere. Approximately half (51 6 18%) of the decrease in Northern Hemisphere CH 4 emissions can be explained by reduced emissions from rice agriculture in Asia over the past three decades associated with increases in fertilizer application 9 and reductions in water use 10, 11 .
Several mechanisms have been proposed to explain the long-term slowdown of atmospheric CH 4 , including decreases in source emissions 4, 5, 8, 10, 12 , changes in sink processes 7 , and a stabilization of CH 4 with relatively constant global emissions 1 . Using a three-dimensional atmospheric model, Bousquet et al. 5 provide evidence from a Bayesian inversion that the CH 4 slowdown in the 1990s was caused partly by decreases in fossil emissions in the Northern Hemisphere. Carbon and hydrogen isotope measurements have become an important means of determining the magnitude of sources and sinks of atmospheric CH 4 (ref. 13 93 6 11 p.p.b. during 1991-1995 (Fig. 1) (Fig. 1e) . As a result, the IHD of d
13
C narrowed from 20.24 6 0.11% to 20.10 6 0.04% over this time period (Fig. 1h) . Considered separately from other constraints, the trend towards relatively enriched carbon isotope values in the Northern Hemisphere implied (1) a decrease in sources with isotopically depleted signatures (for example, agriculture, landfills or wetlands), (2) an increase in sources that were isotopically enriched (for example, Northern Hemisphere fossil fuel emissions or biomass burning), or (3) an increase in atmospheric removal by reaction with hydroxyl radical (OH) in the Northern Hemisphere.
We also found that dD-CH 4 did not change substantially in the Northern Hemisphere during 1989-2005 (Fig. 1f) . Northern Hemisphere dD remained nearly at 294 6 1% between 1998 and 2005. The IHD of dD-CH 4 ranged from 212.5 to 22.5% during the cruises made by the SIL network between 1989 and 1996 ( Fig. 1i) . Because of the sensitivity of dD-CH 4 to sink processes 15 , the relatively constant dD-CH 4 suggested that there was not a substantial long-term change in the OH sink between 1998 and 2005. Other factors potentially influence dD-CH 4 , however, and so to estimate quantitatively the impacts of possible changes in the OH sink 7 , we conducted several sensitivity simulations (Supplementary Table 2 ).
To assess the implications of the measurements described above and to examine recent competitive hypotheses related to the levelling off of CH 4 mixing ratios, we constructed global CH 4 budget scenarios using a two-box atmospheric model 18 (see Supplementary Methods). In a first step, we constructed a control simulation (scenario 1) that included natural and anthropogenic CH 4 sources ( Supplementary  Fig. 2 ). In this simulation, anthropogenic emissions associated with fossil fuels and agriculture-two of the largest anthropogenic termsremained constant after 1980 (Supplementary Fig. 2a and b ). We compared model estimates of CH 4 mixing and isotope ratio with observations, which were extended back in time with firn air and ice core measurements of CH 4 (ref. 19 ) and d Fig. 2c and d) . Considering CH 4 changes alone, these results appear to suggest that the long-term CH 4 slowdown can be explained by the levelling off of both fossil and agricultural emissions. However, differences between the model estimates and observations of d Fig. 2f ). The differences between the observed and modelled IHD in d 13 C-CH 4 implied that agricultural and fossil emissions may have had diverging trajectories and provided motivation for exploring the different emissions scenarios described below.
In past work, decreases in fossil fuel emissions have been implicated as an important driver of the methane slowdown 5, 8, 12 . To assess this hypothesis using our isotope data, we constructed a second scenario assuming that fossil fuel emissions were solely responsible for the observed CH 4 trends and assuming that all the other sources were the same as in the control. First, we estimated the total flux of CH 4 in the two hemispheres using the smoothed observations (Fig. 1d) For this simulation (scenario 2), we assumed that all of the adjustments to the fluxes in both hemispheres (shown in Fig. 2a) were attributed to changes in fossil fuel emissions-with an isotopic signature specific to this source (Supplementary Table 3 ). The only difference between this scenario and the control run was the inventory of fossil fuel emissions ( Supplementary Figs 2 and 3) . As expected, this simulation reproduced most of the CH 4 mixing ratio observations ( Supplementary  Fig. 3c and d) , with decreases in fossil fuel emissions after 1990 (Supplementary Fig. 3a) . The decreases in fossil fuel, however, failed to meet Fig. 2b and Supplementary Fig. 3f ). This contrasts with the observed d 13 C IHD that narrowed during the same time period (Fig. 2b and Supplementary Table 2 ). In this context, the d 13 C IHD observations did not support the hypothesis that decreases in fossil fuel emissions were the main contributor to the CH 4 slowdown during 1989-2005.
Agriculture, including animal 21 and rice 4 emissions components, is a large term in the contemporary budget 6 and one that has been subject to considerable modification over the past four decades 22, 23 . To assess the role of agriculture, we created another scenario (scenario 3) in which we assigned the isotope ratio of the Northern Hemisphere and Southern Hemisphere fluxes needed to match the CH 4 observations solely to agricultural sources ( Supplementary Fig. 4a and b) following the same approach as described above for the fossil fuel scenario. As expected, the agricultural scenario also matched the mixing ratio observations ( Supplementary Fig. 4c and d) . In contrast with the fossil fuel scenario, however, the d Fig. 2b and Supplementary Fig. 4f ).
We also constructed additional sensitivity and Monte Carlo simulations with our box model examining uncertainties associated with the OH sink, the north-south interhemispheric exchange time for atmospheric mixing, and the isotopic composition of different source terms (as well as potential trends in the isotopic signature of these sources) (Supplementary Tables 2 and 4 ). Together, these scenarios suggested that our simulation results were robust with respect to our choice of model parameters. Other key uncertainties in our analysis were associated with the representativeness of our reference stations in the Northern and Southern hemispheres, the large variations in CH 4 and d
C-CH 4 observed at the beginning of our time series, and the challenges involved in combining stable isotope observations from several laboratories into one long-term time series (comparisons with other available mixing ratio and isotope observations are provided in the Supplementary Information). The mechanisms causing the large variations in the global methane cycle during the early 1990s have not been fully resolved 16 and may influence the long-term trend in the d 13 C-CH 4 IHD reported here. What possible explanations are there for the long-term reductions in microbial sources within the Northern Hemisphere required by the atmospheric isotope observations? Important microbial sources include wetlands, ruminant animals, landfills and rice agriculture. We summarize below evidence that decreasing emissions from rice agriculture probably accounted for some of the observed source reductions in the Northern Hemisphere, using a biogeochemical model to synthesize information from country-level agricultural statistics and recent field studies. Improved management of landfills also may have contributed to Northern Hemisphere source reductions 23 . For ruminant animals and wetlands, however, key processes regulating these sources have not changed in a way that is consistent with the long-term decreases in emissions needed to explain the atmospheric observations [21] [22] [23] [24] [25] . Reductions in rice agriculture emissions have occurred primarily from land use intensification rather than changes in the area of rice production. Statistics compiled by the International Rice Research Institute 26 show that the world's rough rice (that is, unprocessed paddy rice) areas did not change by a substantial amount between 1980 and 2005 (Fig. 3a) . Considering rice production areas alone, trends over the past several decades are consistent with a stabilization of fluxes, but not the overall reduction needed to explain the CH 4 mixing ratio and isotope observations presented here.
Accumulating evidence suggests, however, that application of chemical fertilizer 9 and more efficient water use 10 substantially reduces CH 4 emissions per unit of area of rice production. CH 4 fluxes in rice fields are strongly regulated by levels of organic fertilizer input 27 . Chemical fertilizer application in China and India increased substantially from 1970 to 2005 (Fig. 3c) . The rapid rise in chemical fertilizer use is consistent with concurrent increases in rice yield (Fig. 3d) and reductions in organic amendments that are more labour-intensive 9 .
Other studies have shown that changing the water management of rice paddies can reduce CH 4 emissions by about 10-80% (refs 10, 11 and 27) . At the country level, increasing urban and industrial demands for water have increased since 1980 and have limited the water available for agriculture 28 (Fig. 3e) . To assess the magnitude of emissions changes associated with rice agriculture during 1960-2005, we modified an empirically based biogeochemical process model 29, 30 to include fertilizer application and The increase in rice yield (d) was consistent with rapid increases in chemical fertilizer application and implied a weakening dependence on organic fertilizer, which is both labour-intensive and a primary substrate for CH 4 production. Growing industrial water demand after the 1980s reduced the percentage of water withdrawals available for agriculture in China (e) and may be one factor contributing to new mid-season drainage practices. After the early 1980s, decreases in global CH 4 emissions from rice agriculture were predicted to occur on the basis of an analysis from a biogeochemical process model driven by climate, rice area, fertilizer and water management information (f).
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water management impacts on rice yield and methane fluxes (see Supplementary Information). Using this model, which is driven by climate, production area statistics, fertilizer inputs and management information, we estimated that the Northern Hemisphere rice emissions reached a maximum in the early 1980s and decreased by about 15.5 6 1.9 Tg yr 21 between 1984 and 2005 (Fig. 3f) . The decreasing trend in emissions explained approximately half (51 6 18%) of the observed trend inferred from the atmospheric CH 4 measurements (Fig. 2a) .
Here we found that the increasing enrichment of d Model simulations indicated that decreases in Northern Hemisphere microbial sources had an isotopic signature consistent with the observed atmospheric changes. Although changes in atmospheric OH levels and fossil fuel emissions probably contributed to some of the variability during this period 5, 7, 8 , the trends in the d 
METHODS SUMMARY
To quantify the IHDs of CH 4 , d 13 C-CH 4 and dD-CH 4 , we constructed a long-term time series in each hemisphere (at 40u N and 41u S) by using measurements from the UCI, NIWA and SIL networks 2, [15] [16] [17] . These data were selected because they possessed multi-year d
13
C and dD measurements of atmospheric CH 4 required in our analysis for constraining CH 4 source and sink processes. We then used a twobox atmospheric model 18 that included information about CH 4 source and sink processes (and their impacts on isotopic fractionation) to examine various hypotheses formulated to explain the overall decline in the CH 4 growth rate. We forced the model using emissions inventories (see, for example, ref. 22) for anthropogenic emissions from 1700 to 1980, and in our control simulation these emissions were held constant thereafter (through 2005). The model included changes in soil and animal CH 4 source isotopic composition over the past two centuries induced by changes in d 13 C-CO 2 . Finally, to evaluate changes in rice agricultural sources over the past few decades, we used an empirical process-based biogeochemical model with parameterizations derived from field measurements 29, 30 . We forced the biogeochemical model with time series of rough rice area and fertilizer application rates using data from the International Rice Research Institute
26
. Details of the sampling and measuring procedure, comparisons of our measurements with observations from other networks, analysis methods, and modelling approaches are described in the Supplementary Information. The main constraints offered by the observed mixing and isotopic ratios described above are summarized in a schematic figure (Supplementary Fig. 5 ).
